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Effect of Methyl Bromide Additions on the Flame Speed
of Methane
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The effect of amall quantities of methyl bromida, np to 0.5

ecent by volume, on the

flame spead of methane-gpir mixtures hes begn determinad.

given experimentsl conditions, Are reduced pro
added. Flame speeds of rich mixtures are redeced rouch more than are flame
Reaotion zone thickness of methane-air flames is Ipsreased by
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ttionately to the amount of methyl bromide
= of lean

the addition of

methyl bromide and the thickness increases with the pmount of methyl bromide.

1. Introduction

Halogenated hydrocarbons havo long been used to
extinguich fires, and the effect of thesa combustion
inhthitars an variows combustion parameters has
been the subject of many investigatione [1-10].!
Limita of flammability, quenching distance, and
laminar flame speed all have been found to be affected
hi,' these inhibitors. Effect of inhibitors on the limit
of flammability haz been the chief topic of these
investigations. The effect on flame speed haa heen
little studied and what work that has been pub-
lished usually treats of the effects of several inhibrtors
on & given fuel; description of the effects of other
expenimental conditions are uwsually lacking [1,2,9,
ltlilgl. [t was felt that a etudy of the effect of one
inhibitor on flame speed under controlled experi-
mentz] conditions would be of interest and of value.
Methane wae chosen as the fuel since we have had
considerable experience in the determination of the
flame speed of methane-air tnixtures. Methvl
bromide was chosen ae the inhibitor,

2. Apparatus and Procedure

A deseription of the apparatus and method used to
meagure flame speeds has been presented earlier [14].
Briefly, the apparatus consizts 0¥dr_',rin and meterin
eystama for air and fuel, and a nozzle, the exit o
which is the burner port. Means are provided to
control the temperature of the combustihle mixture
isguing from the nozzle. Flame speeds are deter-
mined by & total-area method, which js based on the
megeuremenit of the area of an enlarged photograph
of the schlieren image of the flame.

It was decided to prepare mixiures of air and
methyl bromide of the desired strength and to meter
these mixtures, rather than to set up a third metering
gystem for the small quantitiee of methyl bromide

at would be requir Some error iz introduced
in the metering of these mixtures, sinee the sharp-

1 Figur Lo brackats Indicats tha aratuve tafsrenone ot (e end of this papes,
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edged orifice used was cahibrated for air. However,
sinea the maxmum amount of methyl bromide added
was only 0.5 percent by volone of the air, it was
considered that the error wonld be tolerable.

The mixtures of methyl bromide and air were
prepared in a 120 n (16 ft *) steel tank. The
tank was evacusted to a pressure of several microns
and the methyl bromide admitted from its container.
Rise in pressure was mensured ob & mereury manorm-
eter, read to 0.01 in. Air from & compressor wes
dried hy passing first through a column of activated
aluming and then through a cold trap immersed in o
slush of dry iee in a mixture of equal parts by weight
of ehloraform and esrbon tei.ra.clglluri e. Water con-
tent of the air ia thus kept at 0.03 percent by volume.
The dried air was admitted s]uw]];r to the tank, and
the finel pressure, gencrally 130 psig, was read
on g calibrated Bourdon gage to 0.1 paig.

Tha products of combustion, which contgin hydro-
gen bromide and bromine, were drawn from the
cnglosyre surrounding the burner by a large capacity
vacuaum pump. Air currents, sat up by the pump,
g0 disturbed the flarmes that the pump was shut off
when photographs were taken.

Mixtures of 0.1, 0.2, 0.3, 0.4, and Q.5 percent e‘hc{
volume of methy] bromide in air were prepared.
For each mixture, the variation of flame speed with
mixture ratio, by weight, of methane to air plus
methyl bromide was defermined, gns velocity at the
exit of the nogzle being constant. The ratio, by
weight, of methane to air plus methy] bromide was
varied from 0.054 to 0.072, and the gas velocity at the
port of the nozzle was varied from 3 to 6 fps. Con-
trol of the temperature of the combustibla mixture
wns such that tlim maximum ¢hange in temperature
during s sinple run of shout 3 hr duration was
3.7 °F. Actual gas temperatures ranged from about
00 °F in the summer to about 75 °F in the winter.
The variation of flame speed with temperature was
determined using & mixture ratio of methane to air
of 0.060 {the air contsined 0.2% methyl bromide),
and a gas velocity of 4 fpa; the temperature range in
thia determination was from 70 to 95 °F. Variation
of flame speed with tempersture was found to be
0.00328 fpa per °F, and this value was used to correct




all flame speeds to a constant temperature ol 75 °F,
It is nob expecied that the rate of change of flame
speed with temperature will differ appreciably with

e relatively amall amounts of methyl bromide
added. Some previously unpublished data in our
possession showa thet ﬂ)'le rate of change of flame
speed with temperature iz unaffected by changes in
mixtare ratio,

3. Results

Combustion of methane with gir to which meathyl
bromide had been added proceeded smoothly.
The outer mantle of the flames wee colored brown
by the formation of free hromine and the odor of
bromine was noticesble. At lean eonditione, the
brown color began close to the base of the flame
and extended to the tip. As flamea became richer

N
i

in fuel, the normal blue-green color of the inner
cone appeared and the brown color was seen only
near the tip of the owter mantle. As the concentra-
tion of methyl bromide was increased, the brown
eolor hecame more intenea, but in rich flames was
visible anly near the tip of the outer mantle, It is
probuble that hydrogen bromide is the originsl
produce and is eonverted to bromine by ihe overall
reaction: 4 HBr+0p———2 Br,+2 H;0. Appar-
ently there is Insufficient oxygen in a rich flama lor
complete conversion of hydrogen bromide.

The variation of flame spesd with mixture ratio
for a methena-air flame ie shown in ficure 1. Thie
is taken from our previous work [14] with the values
of flama spead correcied to 75 “F. The maximum
flame specd is 1,196 fra, at & fuel-nir ratio of 0.062,
At o fucl-sir ratio of 0,054, flnmc speed iz 1,057 fps,
and ah & Tuel-giv ratio of 0.072, flame speed is 0,520
Ipa.

Results of addition of methyl bromide are shown

g J./“L’—'L_'d\i in fizures 2 ihrough 6. It should be noticed that gas
s Y ] mixtures described as liwving the same mixture ratio
4 but with different amotnts of methyl bromide added
R de not have exactly the same ratr of fuel to air.
. X As the amount of additive inereases, the nmount of
Y] neE _GEE orn a7+ | ait decrenses, and the ratio between fuel and air
MISTURE RaTID, B¢ w increnses; bat this merease 15 on}f n tmatter of about
Frauge 1. Vartation of flame sperd of methane with srivinee | & tenth of & percent, Howmf"-"r- rese facts Sh.':"“ld be
rativ, remembered when comparing results.  Figure 2
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ghows the wvariation of flune speed with mixtore
ratio, hy weight, of methane t0 air plesa methyl
bromide, when 0.1, 0.2, 0.3, 0.4, and 0.5 percent by
volome, mapect.ivefy, of methyl bromide is added to
wiv, and at ges veloeitioz of 2, 4, 5, and & ps,

For each addition of methyl brosvide wnd nt cach
gaa velocity, there is found ome value of mixture
ratio &t which flame speed is greatest. Maximurm
flamic speed for & methane-air Hamwe occurs at mix-
ture ratio 0.062; addition of mathy] bromide causes
maximum flame =peed to shift to leaner conditiona,
expecially at the Iower gas welocities,  (Stoichio-
metric for & methane-air flame iz equivelent to a
mixture ratic of 0.0583.) Table 1 lists the mpxinnm

flame E.lpaeds and tha experimental condilions nt
which they wers observed.
TasLe 1. Marisum flome speeds
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= Blow-ol actureed st 0.084.

Flazsh-back which represents the rich limit of
operation of the burner was not eocountered at an
of the experimantal conditions usad Blow—og"
which represents the lean limit of operation was
rather frequent especinily at gas velocities of 5 and
- 6 fps. No ecases of blow-off were encountered at 3
fps and only one at 4 fps; this ocourred at mixture
- ratio of 0.058 with 0.5 percent CH,Br added to the
air. Table 2 lizts the conditions at which the leanest
flame could exist before Llow-off occurred. It can
be noted that as the amount of methyl bromide in-
creases, the lean limit shifta toward fuel-rich eondi-
tions, whila the flame speed becomes less. Rich
flames are thus stubilizw:]] when 1methyl bromide is
present.

Theoretically, the veloeity with which comabustibla
a6 issues from a burner should hava no effect on the
ame speed.  In practice, some variation of flurne

speed with gas veloeity is noted [14]. In this present
work, a small decreaze of Mame speed with increasing
zas velocity, amounting to about 2 percent of the
average value over the gas velocity range coversd,
was Tound at mixture ratios yielding maximom flame

2R5A11—£T— -G 73

TanLk 2, Lean findt of operation of burner

W GIL
Peroguy, CEHLBr| Ll Flaunin
added Lo alr elouity s
i‘ﬁ’l- nir QL Br

I Ipz

nr L] L 1, k58

- Ic] L] 1.

o RS ] 1.1

A iR & 1.7

-d LI ¥ -] 1. i

4 -5 L L

-1 Dk b _Hl

-5 -k L] -

.5 -2 B - G7

-8 - ik 1 T

gpeads, and at leaner conditions. At rich conditions,

ame speed incrensed with pas wvelocity, and the
varialien nmounted to as murﬁl a3 15 percent of the
average valpe, Rich {lames, however, are very tall
as the flame speed is very low, and tall flames are
very ausceptible to distyrbances. It is possible, there-
fore, that the inereazed variation of flame spaed with
gas velocity may be due to these disturbunces,

The addition of methyl bromide to the combustion
air reduces the maximum Aame speod and the mora
methyl bromide added, the greater is the reduction
in flame speed.  Flamnes burning at mixture Tatios
greater than that at which maximum flame speed
occurred are more nffected by methyl bromide than
are thosa burning at leaner conditions. At 0.1 per-
cent methyl bromide addition, for example, and at a
gus velocity of 3 fpa, the maximum Aame speed is
1.186 fp= at & mixture ratio of 0.058. At a mixtyre
ratio of 0.072 flume speed is 0.718 fpa which iz 60.6
percent of the maximuom, whila at mixture ratio
(.054, flamne spead is 1,134 fp= which is 95.6 percent
of the maximum. The corresponding percentages
for the mnethane-nir flame are 82.0 percent at ruix-
ture ratio 0.072 and 88.4 percent at mixture ratio
0.054. The addition of 0.1 and 0.2 percent of methyl
brommide even increases the flame apeed at lean con-
ditions. At a gas velocity of 2 fps, the flame speed
al mixture ratio 0.054 is 1.134 fpe for & 1 percent
addition and 1,120 ips for (.2 pereent addition. For
a methane-sir flame, flane speed is 1.057 Ips at mibxe
ture tatio 0.054 and & gas veloeity of 6 fps,

In figure 3, Agne gpecd is plotted against the per-
cent of methyl bromide added to the combustion air,
Mixture ratlo iz 0.062 and gus velocity is 5 fpe.
Flamo speed decreases as the percentage of methyl
bromide increases, and the data points fall along a
stesight line,  Forall exper:imenta?mnditinna of mix
ture rutio, gas velocity and methyl bromide addilion,
gimilar reanltz were found. Heoce, it may be de-
duced that the reduction in flame speed iz directly

roportional to the amount of methy] brotnide, at
enst int the range of addition vaed in this work. In
figure 4, the maximum flame apeed &t each addition
ol methyl bromide, at constant pas velocity, is
plotted against the percentage of methyl bromide
and agein the dats points fell on » straight line, an
the slopea of these lines are of similar magnitude.




The reduction in maximum flame speed is directiy
proporiiongl to the armouni of methyl bromide added
and amounts to 0.0528 fps for each tenth percent of
methyl hromide added,

In the method nused for determining Amne speeds,
photographs of the schlisren and wvisible images of
the flarme are taken simultanecusly on the same film,
The schlieren image which depends on the change
in density and thus on the change in tempersiure
marks the pesition where chemical reactions begin
in the flame [15]. The visible image indimt-eseﬁe
region it the flame where reactions are completed
[16] except for equilibriumm changes, Henece, the
separation between the schliersn and visible imnges
is & measure of the thickness of the reaction zone.
However, sinca both lme:ﬁes in an enlarged pholo-
Eraph are rather diffuse, these measurements eannot

a gongiderad exact,

It is found that the thickness of the reaction zone
varies with the flame speed; the ater the flame
illieed, the less iz the thickness of the renction zone.

gure 5 chows the variation of resction zonc thick-
nees with mixture ratio at eonstant gas velocity; 0.2
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percent methyl bromide was added teo the air and
the pas velocity was 4 ipa. Similar curves nre ob-
tained for all the other experimental conditions.
Figura 6 shows the variation of reaction zone thick-
neas with added methyl bromide at constant mixture-
ratio and at constané gas velocity. Dixture ratio
wagz (.0T0 and gas velocity was 6 fps.  Zone thick-
ness increases with the amount of methyl hromide
addad, and similar results were obtained at )l cther
experimental conditions of mixture retic and gas
velocity. From some previously unreported experi-
ments, it i3 found that the reaction zone thickness
of n methane-air flame at fuel-air ratio of 0.070 and
gas velocity of 6 fps was 0.0180 in.  Minimum thick-
ness wis (L015 in. and aceurred at mixture ratio 0,062,

The mechanism of combuation inhibition by halo-
vanated hydrocarbons is not fully understood [5, 9,
11, 12). Eince the combustion of hydrocarbons in
gir involves the propagation of cham reactions by
[ree radicelz, it 13 plansible o assume that the
presente of halogen Tesults in the desctivation of
one or more of the chain carrying radicsls. Since
deactivation would effectively dacreace the rate of
raaclion, the generel effect of chemieal inhibitors in
decreasing flame speeds would ba lained. The
increased renctlon zonme thickness which resultz on
the addition of methyl bromide may also be ex-
plained by the effective decreases in reastion velocity.

The increase in flame apead noted at lean econdi-
tione at additions of 0.1 and 0.2 percent methyl
bromide c¢annot he so explained. Sinca there is
more oxygen in a lean flame, it may be that methyl
bromide aects as & fual rather than an inhibitor
at this condition snd the Tesction mechanizm
is different. If mathyl bromide acts as a fuel,
then the mixturc ratic should be expressed as
wt methane + wt methyl brotide

wh air
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T~

"""v\\m

.85

N 1]

T3

\J\ s

MAXIMUM FLAME SPEED TS

.
T~

-1

.as —

3

.78

4 0.1 0.2 3 .4 4.5

ueE o xR 4a.8 0.5

0.4 .5 .6

RODED METHYL BROMIDE , %

Fiouerm 4. Foricfon of moesimwn fome speed with added methy! bromide.
Gop malooiby=—1, 3 fpa; 3, 4 £p4; A, § it and 4. 8 ipa.

M




035
E.930 e
[
[
W 025 P
=
g
£ 020 J‘r_?_r_‘,::—

a5
.05 058 .06 (OB 570 074

MIXTURE RaTIG 6T Wt

Frgyne b, Varighion of regclion tone thickness with muiriure
ratio.

2 parceot mothon bromos added.  Gag yeloslky={ [pa,

Ros Je) L_,,
£ .03 e
L)
o
¥ .o
i
H —t
£ 028

Qzn

o Q. 0.2 0.3 o4 L a6

A0GED METHYL SROMIDE %%

Friose 6. Varigiion of reaclion sone fhicknesa with added
methyl bromide,

Mirturs ratls 0070, Gas veloclty—4 ipa.

value is 0.G57 instend of 0,084, and 0.050 instead of
0.056 for the addition of 0,1 percent methyl bromide.
Then if we superpese the curve for flaine speed versus
mixture Tatio at 0.1 percent methyl bromide addi-
tipn, using the new values of mixture ratio, on the
curve for methane-air, the two curvee agree for
values of mixture ratio less than that at which
maximum flame speed occurred.

4. Experimental Observations

Table 3 presentz in detail observations on the
effect of some variablezs on the flame speed and
reaction zone thickness.
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5. Conclusions

Small amounts of methyl bromide added to
methanc-nir mixtures have s large effect om the
flame speed, Maxinutn flame speed is reducad
proportionately to the amount of methyl bromide
added. Flame speed of rich mixtures is much more
reduced than that of lean mixtures. Reaction zone
thickness is increased by the presence of methyl
bromide,
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